A state-of-the-art seismic monitoring system comprising 36 accelerometers and a data-logger with real-time capability was recently installed at Building 54 on the Massachusetts Institute of Technology's (MIT) Cambridge, MA, campus. The system is designed to record translational, torsional, and rocking motions, and to facilitate the computation of drift between select pairs of floors. The cast-in-place, reinforced concrete building is rectangular in plan but has vertical irregularities. Heavy equipment is installed asymmetrically on the roof. Spectral analyses and system identification performed on five sets of lowamplitude ambient data reveal distinct and repeatable fundamental translational frequencies in the structural NS and EW directions (0.75 Hz and 0.68 Hz, respectively), a torsional frequency of 1.49 Hz, a rocking frequency of 0.75 Hz, and very low damping. Such results from low-amplitude data serve as a baseline against which to compare the behavior and performance of the building during stronger shaking caused by future earthquakes in the region.
INTRODUCTION
Seismic monitoring of structures is an important part of the National Earthquake Hazards Reduction Program (NEHRP) in the United States. Under the Advanced National Seismic System (ANSS; http://earthquake.usgs.gov/monitoring/anss/, last accessed 27 January 2011) authorized by U.S. Congress in 1999 (USGS 1998 and administered by USGS, several structures have been instrumented throughout seismic areas of the United States. One of the criteria used by ANSS in establishing plans for the geographical distribution of instruments on structures is population exposure to earthquake hazards (e.g., COSMOS 2001). The city of Boston and the vicinity is one of the populated areas where exposure to seismic hazards is considerable. Ebel and Hart (2001) have compiled evidence of damage and felt reports from events that occurred at distances of up to 800 km away from Boston. New recorded evidence on ground and structures during the 11 March 2011 Great East Japan earthquake shows that long-distance effects of earthquakes can be significant (Çelebi et al. 2014) . The potential risk to built environments in parts of Boston and the adjacent city of Cambridge is increased due to very weak geotechnical layering between the surface and bedrock. As Britton (2003) has shown, amplification of motions by a factor of 2 to 3 in the weak soil areas of Boston and Cambridge is possible.
In the absence of response records from strong ground motions, measurements of structural responses to low-amplitude ambient motions can be useful to assess possible behaviors and performances that might be expected for larger motions. This paper augments previous results presented by Çelebi et al. (2011) for a state-of-the art seismic monitoring system recently installed with support from ANSS at Building 54 (also known as the Green Building but hereafter referred to as "the building") on the campus of the Massachusetts Institute of Technology (MIT) in Cambridge (MA). This installation is similar to others funded by ANSS (e.g., the Atwood Building in Anchorage, AK; Çelebi 2006) . Our study focuses on identifying dynamic characteristics and behavior of the building revealed by random recordings of ambient data from the monitoring system. Throughout the paper, wellestablished analysis techniques based on Fourier amplitude spectra, cross-spectra, coherency functions, and phase angles (Bendat and Piersol 1980) are used. In addition, system identification techniques (Ljung 1987 ) are used to validate the spectral analyses results and to extract critical damping ratios. Computation of drift ratios was not performed because the amplitudes of the data are too low to ensure reliable results; such comparisons must wait responses recorded from larger input motions.
In this paper, we present analysis results for five data sets to show the repeatability of results derived using only one set of data.
THE BUILDING AND THE SITE
The building is cast-in-place, reinforced concrete with a mat foundation. It was constructed in the early 1960s and opened to service in 1964. The building has 20 stories (87.3 m, or 286.5 ft., overall height) plus a one-story basement below ground level. The shape is rectangular in plan-14.6 m ð48 ft:Þ Â 34 m ð116.5 ft:Þ-with solid shear walls extending from the basement-foundation level to the roof level at the two narrow ends. A picture of the building and its typical in-plan view are presented in Figure 1 . Significant features expected to influence the shaking response of the building include the monolithic shear walls at its two narrow ends, large openings in its narrow direction at ground floor level, and large and heavy equipment anchored asymmetrically at its roof. Furthermore, there are vertical discontinuities immediately above the ground level and at the level above it. The top two floors (19th and 20th levels) are mechanical floors. The narrow ends of the building are aligned at 20°ccw from true north, but in this paper, the direction off the narrow and wider edges of the building will be referred to as the structural NS and EW directions, respectively.
Geotechnical aspects of the building site and its vicinity are well characterized. The ground surface is approximately ∼6.1 m (20 ft) above sea level, and depth to bedrock is approximately 30.55-34.0 m (100-110 ft) below sea level. Figure 2a shows a typical depth versus shear wave velocity log from a site approximately 50 m (150 ft) from the building (Jen 2011 , Haley & Aldrich 1983 . From this log, the site transfer function presented in Figure 2b is computed using software developed by Mueller (1997) based on Haskell's shear wave propagation method (Haskell 1953 (Haskell , 1960 . For these calculations, damping (ξ) is introduced via the quality factor Q, a term used by geophysicists and is equivalent to damping by the relationship: ξ ¼ 1∕ð2QÞ; the Q values used range between 25 and 660 for shear wave velocities between 100 m∕s and 600 m∕s, having been interpolated to vary linearly within these bounds. Thus, in the vicinity of the building the fundamental site frequency is estimated to be ∼1.5 Hz. This value will be useful in assessing any site-related resonance of the building that might occur during the shaking from an earthquake or other significant excitation. More detailed information on site conditions can be found in Britton (2003) and Haley & Aldrich (1983) . It is important to add that using microtremor measurements and other methods, Hayles et al. (2001) determined ∼1.4À1.5 Hz resonant frequency for a site cited as MIT University Park, which is part of the same campus as the building. Figure 3 shows a schematic of the building depicting important dimensions as well as locations and orientations of the 36 accelerometers deployed throughout the building. Each accelerometer channel is connected via cable to a 36-chhannel central recording system. The accelerometers used in the building are Kinemetrics Episensors 1 with a AE4 g full-scale recording capability and the recorder system is Kinemetrics Granite 1 . The accelerometers are powered via cables from the recorder with a AE12 volt DDC, have a power consumption of 1.6 amperes and AE2.55-volt output capability. As in most systems, the analog signals are digitized at a very high sampling rate within the recorder, and then digital data is multiplied by a calibration constant based on the voltage output and decimated to the desired sampling rate. The USGS obtains and serves the digitized data at 200 samples per second.
BUIILDING INSTRUMENT ARRAY
General information on structural monitoring procedures and suggestions for deployments of accelerometers can be found in COSSMOS (2001) and Çelebi (2004) . The choice of locations for sensors are not based on mathematical formulas or computations.
Based on the budget and desired data for prescribed utilization, the locations are selected based on known structural behavioral patterns and optimizing the number of channels envisaged. Therefore, it is no surprise that accelerometers must be located at the basement or the lowest level of a building and at the roof level. At the basement level, generally, at a minimum, a triaxial accelerometer is deployed to capture data to be used as input motions in a building. However, in this particular building, because of anticipated rocking behavior, we deployed additional three vertical accelerometers, one at each of the corners in different locations from where the triaxial accelerometer is located. The rest of the accelerometers are distributed as three per level, at several levels (including the roof). Care is given to deploy accelerometers where there are vertical or horizontal irregularities in order to detect the effect of such irregularities on the response of the building; in this building, the two floors above the ground level are such floors. The remaining accelerometers are distributed selectively at several pairs of neighboring floors to be able to compute the exact drift ratios between adjacent floors, as well as average drift ratios between any two instrumented floors. In general, minor deployment adjustments are made when there are physical obstacles or objections by occupants at a particular floor. Such distribution along the height of the building helps to better identify and confirm higher modes and their shapes. Accurate (<1μs) timing for data sampled at 200 Hz is synchronized to UTC by connecting to a GPS antenna deployed at the roof. The array is designed for recording the (a) translational, (b) torsional, and (c) rocking motions of the building, as well as for computing (d) drift ratios between adjacent floors or average drift ratios between non-adjacent floors. The capabilities of the state-of-the-art recording system include: (1) local and remote access to realtime data streaming, (2) selectable duration of pre-event signal, (3) local and remote access to any data in the buffer (4) easy transmission or retrieval of event data, (5) system health monitoring, and (6) local or remote on-demand ambient data recording.
SUMMARY OF AMBIENT DATA
To date, no earthquake response data has been recorded by the structural array in the building. In the absence of earthquake responses data, and since completion of the monitoring system deployment in October 2010, we have made use of the "on-demand" and "remote recording" capability of the system and obtained 90 sets of ambient response data with durations of about 120-451 seconds as summarized in Table 1 . 
ANALYSIS OF SELECTED AMBIENT DATA
A cursory analysis of several sets of ambient data (Table 1) indicated that the dynamic characteristics of the building generally appear to be repeatable for the low-amplitude motions recorded. Therefore, in this paper, we present detailed data analyses for only one set that was recorded on 28 October 2010. Selected results from some other data sets are also presented to show the repeatability of the identified dynamic characteristics.
DATA SET OF 201010028-210533
Figure 4 shows a sample time-history plot of ambient acceleration data from the roof. As will be shown, torsion is significant in this building because (1) structurally it is torsionally unbalanced, most likely due to the asymmetric shear walls around the elevator shafts on the east end of the building (Figure 1) , and (2) heavy equipment is asymmetrically installed at the roof and elsewhere in the building. Figure 5a shows ambient vertical acceleration data of 250-second duration remotely recorded on demand from the four corners of the basement of thee building. Figure 5b shows 20-second window of the same data. These four vertical motions are used to infer rocking behavior of the building. evident for CH3, that corresponds to the second mode in EW translation). This clearly indicates an interaction between the basement vertical motions and the horizontal translational and torsional modes, most likely by means of rocking, a form of structurefoundation-soil interaction. This observation is significant in that this interaction takes place even during low-amplitude ambient shaking. (Further evidence of this interaction is shown later in the plots of cross-spectra, coherency and phase angles in Figures 8 and 9 .)
Spectral Analysis
The left frame in Figure 7 shows the cross-spectrum, coherency, and phase angles for CH35 at the roof and CH23 at the 12th level and depicts the fundamental and second-mode frequencies in the NS direction: 0.75 Hz and 2.60 Hz with high coherency and 0°and 180°p hases respectively. The peak at ∼1.4 Hz belongs to the fundamental torsional motions (with 0°phase angle). This is also more clearly depicted in the right frame of Figure 7 that shows cross-spectrum, coherency, and phase angles for torsional motions CH35-CH36 at roof and CH23-CH24 at the 12th level. A small peak at ∼4.7 Hz indicates second torsional mode with 180°phase angle.
Rocking
That rocking occurs in the building is demonstrated by cross-spectrum, phase angle, and coherency functions between pairs of vertical motions s in the basement. Figure 8 shows plots for two pairs of vertical motions (CH3 & CCH4 and CH5 & CH6) around the EW axis (i.e., rocking in the NS direction). Clearly, the peaks at ∼0.775 Hz and ∼22.5 Hz in the cross-spectra, which have coherency nearly equal to unity and are out of phase by 180°, indicate rocking in the NS direction. In contrast, Figure 9 shows two pairs of vertical motions (CCH3 & CH5 and CH4 & CH6) around the NS axis, where at the same frequencies, Figure 7 . Cross-spectra, coherency, and phase angles for selected components of motion. (a) The fundamental and second-mode frequencies at 0.75 Hz and 2.60 Hz in the NS direction are clearly illustrated using CH35 at the roof and CH23 at the 12th Level. The two modes are highly coherent and have phase angles of 0°and 180°, respectively. The peak at ∼14 Hz with 0°phase angle and coherence of 1 belongs to the fundamental torsional mode. (b) Torsional motions at the roof (CH35-CH36) and at 12th level (CH23-CH24). The small peak at ∼4.7 Hz with 180°phase angle corresponds to the second torsional mode.
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the motions have near-unity coherence but are in phase (0°), thus indicating no rocking around the NS axis (EW direction).
System Identification
System identification analysis was performed using the ambient data to identify and/or validate key frequencies and compare them with those determined by spectral analyses. A model is estimated using appropriate pairs of recorded acceleration responses as singleinput, single-output. The auto-regressive extra input (ARX) model based on least squares method is used inn this analysis. The reader is referred to Ljung (1987) and the Matlab User's Guide (1998 and newer versions) for detailed formulations of the ARX and other system identification models. Some of the key frequencies for four of the important modes were identified along with the corresponding modal damping ratios. The results are summarized in Table 2 .
REPEATABILITY (ANALYSES OF FOUR ADDITIONAL DATA SETS)
Four additional sets of data (20110201105927, 200110208105927, 201104405103028, and 201104406223028 ) are analyzed to assure that results are repeatable. For the sake of brevity, only limited results from each one of these data sets are presented.
The data set 20110201105927 (Figure 10 ) is representative of the amplitude spectra of horizontal motions at the roof and vertical motions at the basement. The results are similar to Table 2 . Summary of frequencies ( f ), periods (T), and damping percentages (ξ) determined by system identification those inn Figure 6 . Again, similar to Figure 7 , cross-spectrum, coherency, and phase angles presented in Figure 11a for CH35 at the roof and CH23 at the 12th level depict with high coherency the same fundamental 0.75 Hz and second-mode frequency 2.60 Hz in the NS direction and with 0°and 180°phases respectively. The frequency peak at ∼1.4 Hz with 0°phase angle belongs to the fundamental tensional motions, which is again more clearly depicted in the right frame off Figure 11 , which shows the cross-spectrum, coherency, and phase angles for torsional motions CH35-CH36 at the roof and CH23-CH24 at the 12th level.
Data set 20110208105927 is used to demonstrate in Figure 12 that, as inn Figures 7 and 11, the fundamental NS translational and torsional are similar and coherent as those identified from the previous data sets.
Data set 20110405103028 is used to demonstrate in Figure 13 that, as in Figure 8 , two pairs off vertical motions (CH3 and CH4 and CH5 and CH6) around the EW axis (that is, rocking in the NS direction) clearly exhibit the peaks at ∼0.75 Hz and ∼22.5 Hz in the crossspectra, which have coherency nearly equal to unity and are out of phase by 180°, indicate rocking in the NS direction.
Data set 20110406223028 is used to demonstrate in Figure 14 , as in Figure 9 , that shows two pairs of vertical motions (CH3 and CH55 and CH4 and CH6) around NS axis, where at the same frequencies, the motions have near-unity coherence but are in phase (0°), thus indicating no rocking around the NS axis (EW direction).
EXTRACTION OF MODE SHAPES
In addition to system identification techniques previously used in this paper and based on single-input single-output (SISO) auto-regressive models based on least square methods, more modern tools include time and frequency domain methods to extract mode shapes and associated frequencies and damping. These modern methods are well-described in the literature of the last two decades. Developing a long, comprehensive list of references and descriptions of methods is outside of the scope of this paper. Some pertinent methods (and references) include but are not limited to such methods as subspace identification for linear systems as described by Van Overschee and De Moor (1996) , and out-only frequency domain decomposition methods as described by Basserville et al. (2001) and Brinckner et al. (2001) . A review of these methods is in Peeters and DeRocek (2001) .
Based on these methods, there are several commercially (e.g., Artemis 2 and MACEC 2 ) and non-commercially developed software and methods available to extract modal shapes associated with modal frequencies. There are functions in Matlab that will do the task also (e.g., N4SID). While acknowledging the availability of many choices in software and methods, needless to say, a list of references and descriptions is too long to list within the scope of this paper. Therefore, due to cost issues, we used a non-commercially developed and Matlab-based code by Johnson (1997) . The code uses the eigen realization algorithm with data correlation (ERA/DDC) method for extracting frequencies and mode shapes as developed by Juang and Pappa (1985) and Juang et al. (1987) . The software utilizes singular value decomposition (SVD) of the system Hankel matrix (also available in Matlab). The matrix has columns populated by the correlation functions between all channels and a reference channel. Simply stated, in order to get the best results, an analysis can be repeated for different reference channels and increasing order of the model which is the number of singular values which are retained in SVD. In Figure 15 , we show results of applying the Johnson ERA software for the extracted mode shapes of the building for the data set indicated in the figure. In the analyses, for the reference channel, data from channels in the lower parts of the building (e.g., lower level in Figure 3 ) are used. It is noted that a second torsional mode could be extracted with the ERA method. For all the other modes, the frequencies determined compare well with those identified by spectral techniques as summarized in Table 2 . Figure 9 , from data Set 20110405103028, the cross-spectra, coherency, and phase angles for pairs of motions (CH3 and CH5) and (CH4 and CH6) illustrate with high coherency and 00 in phase that there is no rocking at ∼0.75 Hz around NS axis in the EW direction.
DISCUSSION AND CONCLUSIONS
Five sets of low-amplitude ambient vibration data remotely accessed from a state-ofthe-art seismic monitoring system installed in a unique building on the MIT campus are used to infer vibration behavior of the building and its dynamic characteristics. One set of data is used to display detailed results of analyses, and the other four sets are used to show that the results are repeatable. The data reveal distinct translational frequencies for the two major orthogonal axes (0.75 Hz NS, 0.68 Hz EW), a torsional frequency of ∼11.49 Hz, and a rocking frequency of 0.75 Hz. Very stiff shear walls at the east and west ends of the building and weak geotechnical layers underlying its foundation provide ideal conditions for soil-structure interaction in the form of rocking behavior around the EW axis of the building. Rocking around the EW axis and vertical motions around the NS axis is schematically depicted in Figure 16 . Clear evidence of such rocking behavior is rarely observed in low-amplitude data.
In addition, a site frequency of ∼1.5 Hz is determined from a shear wave velocity versus depth profile obtained from a borehole in the vicinity of the building. While the translational frequencies of the building are not close to the site frequency, the torsional frequency is almost identical and may have contributed to resonant behavior during which the torsional frequency of the building is injected into the horizontal and vertical motions in the basement because of the rocking. In addition, the observation that the fundamental structural frequency in the NS direction (0.75 Hz) also appears in the vertical motions of the basement suggests that these spectral peaks reflect rocking motions of the building at this frequency.
Finally, it has been observed that dynamic characteristics of structures during strong shaking can vary considerably from those that characterize low-amplitude shaking Çelebi 2007) . Likely, this will be true for this building as well. Thus, the study results serve primarily as a guide and baseline to possible behaviors that might be expected in response to stronger shaking. 
